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Using the whole-cell voltage-clamp technique we have studied electrical coupling and dye coupling between pairs of
blastomeres in 16- to 128-cell-stage sea urchin embryos. Electrical coupling was established between macromeres and
micromeres at the 16-cell stage with a junctional conductance (Gj) of 26 nS that decreased to 12 nS before the next cleavage
division. Gj between descendants of macromeres and micromeres was 12 nS falling to 8 nS in the latter half of the cell cycle.
Intercellular current intensity was independent of transjunctional voltage, nondirectional, and sensitive to 1-octanol and
therefore appears to be gated through gap junction channels. There was no significant coupling between other pairs of
blastomeres. Lucifer yellow did not spread between these electrically coupled cell pairs and in fact significant dye coupling
between nonsister cells was observed only at the 128-cell stage. Since 1-octanol inhibited electrical communication
between blastomeres at the 16- to 64-cell stage and also induced defects in formation of the archenteron, it is possible that
gap junctions play a role in embryonic induction. © 1999 Academic PressKey Words: sea urchin; intercellular communication; blastomeres; gap junctions.
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At the fourth cleavage division, the sea urchin embryo is
composed of eight mesomeres, four macromeres, and four
micromeres. At this stage founder cells segregate forming
clones that will contribute to the different territories in the
larva (Cameron and Davidson, 1991). Dissociation and
culturing of early embryos show that although mesomeres
are able to develop vegetative features if reassociated with
vegetative cells, i.e., an inductive effect, a suppressive effect
of vegetative cells on mesomeres is also operative. (Kaner
and Wilt, 1990, 1991).
Horstadius (1939) assigned developmental potential to
the vegetal hemisphere of sea urchin embryos, especially to
the micromeres. In fact, he demonstrated that transplanta-
tion of the micromeres influenced the polarity of the
animal–vegetal axis and had an inductive action on both
macromeres and mesomeres in the formation of the arch-
enteron. Deletion of micromeres from the 16- to 64-cell
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All rights of reproduction in any form reserved.tages resulted in a delay of expression of Endo 16, a marker
or vegetal plate specification and of gastrulation (Ransick
nd Davidson, 1995).
Induction appears to occur via a ligand–receptor inter-
ction at the blastomere surface (Davidson 1989; Saxe,
994); nonetheless cells of early embryos also communi-
ate by intercellular devices such as cytoplasmic bridges
Hagstrom and Lonning, 1969) and gap junctions (De
aan, 1994).
Gap junctions are intercellular channels found in most
issues that allow the passage of small molecules (Beyer,
993). They are expressed at different times in early em-
ryos, from the zygote stage in ascidians (Dale et al., 1991a;
osti, 1997), the two-cell stage in molluscs (Dorresteijn et
l., 1982, 1983), the eight-cell stage in mouse (Lo and
ilula, 1979; Goodal and Johnson, 1984), and the blastocyst
tage in human (Dale et al., 1991b).
In this paper we show, using a direct in vivo technique,
hat junctional communication in the early sea urchin
mbryo is established between macromeres and micro-
eres, and their descendants, and that inhibition of thisathway using 1-octanol affects early inductive mecha-
isms.
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504 Yazaki, Dale, and TostiMATERIALS AND METHODS
For electrical experiments, gametes of the sea urchin Paracen-
rotus lividus from the Bay of Naples were obtained by dissection.
ggs liberated from the ovary were washed twice in natural
eawater and inseminated. At 50 s after insemination a 203
olume of calcium- and magnesium-free seawater was added and
he eggs were shaken at 90 s after insemination to remove the
ertilization envelope. To prevent the formation of the hyaline
ayer and to separate blastomeres, embryos were then cultured in
alcium-free seawater until the second cleavage division. After
ompletion of the second cleavage, blastomeres were separated by
entle shaking and then cultured in natural seawater at 20°C until
ecording.
After the third cleavage division, each quarter blastomere di-
ided into two, and this cell pair was then allowed to attach to a
oly-L-lysine-treated glass slide. At the fourth cleavage division,
corresponding to the 16-cell stage, two blastomeres in each group of
4 cells were used for recording, while groups of 8 and 16 cells were
FIG. 1. Patterns of electrical coupling in 8- to 64-cell-stage sea ur
etween blastomeres (vertical axis) during one cleavage division (h
airs selected for recording and the corresponding G j are numbereequivalent to the fifth (32-cell stage) and sixth (64-cell stage)
divisions, respectively. To measure electrical communication, two
Copyright © 1999 by Academic Press. All rightpatch pipettes in the whole-cell voltage-clamp configuration were
applied independently to two adjacent blastomeres. The electrodes
of about 10-Mohm resistance and 1- to 2-mm tip diameter were
filled with an intracellular-like solution composed of 200 mM KCl,
20 mM NaCl, 250 mM sucrose, 10 mM EGTA, 10 mM Hepes at pH
7. 4. By using standard techniques we obtained gigaohm seals on
both cells, set the pipette voltage to 280 mV, and ruptured the
patches.
Rectangular voltage pulses were applied across the junction and
whole-cell currents were measured on two list EPC-7 amplifiers.
Currents were then stored on VHS tape and subsequently analyzed.
Junctional conductance (G j) was calculated from junctional
current (I j) and junctional voltage (V j) measured during a series of
depolarizing and hyperpolarizing voltage ramps of 10-mV ampli-
tude and 500-ms duration.
Blastomeres were also injected with dye in the whole-cell
voltage-clamp configuration with electrodes filled with a 5%
solution of Lucifer yellow (Sigma, St. Louis) in 0.2 M LiCl2 and
back filled with 0.2 M LiCl2.
embryos P. lividus. The magnitude of junctional conductance (G j)
ntal axis) is shown (NBD is nuclear membrane breakdown). Cell
9. Cells were voltage clamped at 280 mV.chinThe gap junction inhibitor 1-octanol (Johnston et al., 1980; Dale
et al., 1991a) was used on embryos of the japanese sea urchins
s of reproduction in any form reserved.
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505Gap Junctions in Sea Urchin EmbryosTemnopleurus hardwicki and Hemicentrotus pulcherrimus to
study the role of gap junction in early development.
RESULTS
After electrical measurement, the quarter embryos
cleaved normally, detached from the slides, and developed
into swimming blastula. The cell division cycle was about
35–40 min at 20°C. The membrane potential of sea urchin
blastomeres at the 16- to 64-cell stage was 232 6 14 mV
(n 5 59).
Using the dual-voltage clamp technique we measured G j
between sister and nonsister pairs of 8- (n 5 4), 16- (n 5 13),
32- (n 5 8), and 64- (n 5 4) cell-stage embryos. At the 16-cell
stage electrical coupling was measured between the follow-
ing cell pairs: mesomere–mesomere, mesomere–macro-
mere, macromere–macromere, and macromere–micromere
(Fig. 1). Mesomere–mesomere, mesomere–macromere, and
macromere–micromere after the fifth cell cleavage and
mesomere–mesomere, macromere–macromere, and macro-
mere–large micromere after the sixth cell cleavage were
also studied for electrical coupling.
Sister pairs of mesomeres and macromeres were weakly
coupled at the 16-to 64-cell stages; however, only during the
first 10 min of each cell cycle. For example, at the 16-cell
stage a G j of 5 nS was observed between sister pairs of
mesomeres within 10 min of cleavage (2 in Fig. 1, n 5 5) and
at the 32-cell stage (4 in Fig. 1, n 5 2). No electrical coupling
was detected between nonsister pairs of descendants of the
mesomeres and of mesomeres and macromeres at 16- (5 in
Fig. 1, n 5 2) and 32-cell-stage embryos (5 in Fig. 1, n 5 3).
At the 64-cell stage a G j of 30 nS (7 and 8 in Fig. 1) was
recorded between sister cells descendant from mesomeres
(7 in Fig. 1) and those from macromeres (8 in Fig. 1) that
reduced to zero about 10 min after cleavage. Macromere and
micromere and their descendants, in contrast, were always
coupled and showed higher G j values. Macromeres and
micromeres establish a maximum G j of 26 nS that slowly
ecreases to 12 nS (n 5 5) just before the next cleavage (3 in
ig. 1), whereas their descendants (9 in Fig. 1) show a
ong-lasting coupling of 12 nS falling to 8 nS throughout the
ell cycle period.
The transjunctional current I2 generated across a sea
urchin macromere–micromere junction in a 16-cell em-
bryo, by applying 40-mV depolarizing step to a macromere,
is shown in Fig. 2 (top traces). Similar traces were obtained
by applying the depolarizing step to the micromere.
The G j across a macromere–micromere at a 16-cell stage
{, }) and across a descendant macromere and a large
micromere at the 64-cell stage (, ) were not dependent on
the V j either in the early stage ({, ) or in the later stage (},
) of the mitotic cycle (Fig. 2). In these coupled cell pairs
addition of 0.5 mM 1-octanol to the bath inhibited electri-
cal communication within 1 min (n 5 9).
The fluorescent dye Lucifer yellow diffused from the
Copyright © 1999 by Academic Press. All rightpatch pipette into a cell within a few minutes of clamping.
From the 16- to the 64-cell stage the dye diffused to the
sister cell within 10 min of cleavage (Figs. 3B and 3C);
however, it did not diffuse if injected in the latter half of the
cell cycle. This diffusion pattern correlated with the varia-
tion in junctional current intensities at these stages (7 and
8 in Fig. 1). Lucifer yellow did not spread from macromeres
to micromeres or their descendants (Figs. 3A, 3B, and 3C)
notwithstanding the electrical coupling observed (3, 6, and
9 in Fig. 1). There was no coupling between large and small
micromeres (Fig. 3D), whereas we were not able to patch
FIG. 2. Top traces show the transjunctional current I2 generated
across a sea urchin macromere–micromere junction in a 16-cell
embryo by applying a 40-mV depolarizing step to the macromere.
The graph shows junctional conductance (G j) vs junctional voltage
V j) across a macromere–micromere junction at the 16-cell stage at
14 ({) and 31 min after division (}) and across a descendant
macromere and a large micromere at the 64-cell stage, 8 () and 27
min after cell division (). The high G j’s in the first half of the cell
cycle may be due in part to cytoplasmic bridges. The holding
potential was 280 mV and 10-mV depolarizing steps were used to
generate currents.the small micromeres. Significant spread of Lucifer yellow
was first observed in the 128-cell-stage embryo (Fig. 4).
s of reproduction in any form reserved.
506 Yazaki, Dale, and TostiFIG. 3. Lucifer yellow coupling in early blastomeres of the sea urchin P. lividus. Time processes of cell cycles are shown by bars starting
with 0 (at the end of the previous cleavage) and next cleavage () usually occurs within 35–40 min. Upright white arrows show the injection
of Lucifer yellow. Black arrows indicate observation times.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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507Gap Junctions in Sea Urchin EmbryosEmbryos of T. hardwicki cultured in 1 mM 1-octanol from
the fourth cleavage (16-cell stage) until the morula stage
showed a 2.5- to 3-h delay in the beginning of gastrulation
(Figs. 5C, 5D, 5E, 5F, and 6A), whereas there was no delay in
ingression of primary mesenchyme cells (Figs. 5A and 5B)
and spicule formation. Two bright spots of spicules were
recognizable in both normal (Fig. 5F) and delayed (Fig. 5E)
gastrula, whereas no differences were observed in the plutei
generated from 1-octanol-treated embryos (Figs. 5G and
5H). Similar results were obtained in H. pulcherrimus,
whose gastrulation was delayed 2 h by treatment with 1.5
mM 1-octanol at the 16- to 64-cell stages.
Embryos exposed to 1-octanol for 2 h before the 16-cell
stage or after the 64-cell stage showed little if any delay in
gastrulation. At the blastula stage no effect of 1-octanol was
observed in the timing of invagination and other morpho-
logical events (Fig. 6B).
DISCUSSION
At the 16-cell stage of the sea urchin embryo segregation
of the five embryonic territories is initiated. These territo-
ries are distinguished by specific differential patterns of
gene expression (Cameron and Davidson, 1991). The suc-
cessive cleavage divisions may influence the spatial distri-
bution of factors that affect cell fate as observed by trans-
plantation experiments. Horstadius (1939) demonstrated
FIG. 4. Lucifer yellow coupling between sea urchin blastomeres is
pipette 15 min after the sixth cleavage division (a) but did not flow
(d). Bar, 30 mm.the inductive capacity of micromeres when placed in con-
tact with any tier of blastomeres and that probably all s
Copyright © 1999 by Academic Press. All rightlastomeres in the cleavage-stage embryo are able to re-
pond to micromere induction. It has been suggested that
he inductive ligand–receptor-type interactions occur at the
ounder cell membranes that operate through signal trans-
uction mechanisms (Davidson, 1989).
Cells in early embryos also communicate via intercellu-
ar devices such as gap junctions and cytoplasmic bridges.
here are several reasons to suggest that gap junctions play
role in early developmental processes. In amphibians and
ammals it has been shown that inhibition of gap junc-
ions by antibodies and antisense mRNA may induce de-
elopmental defects (Warner et al., 1984; Bevilacqua et al.,
989). Embryonic gap junctions differ from adult junctions:
n heart, adult gap junctions are reported to be voltage
nsensitive, whereas embryonic gap junctions are voltage
ensitive (Dale et al., 1991a). Moreover early embryo con-
exin expression studies show that early gap junctions in
ouse and Xenopus embryos are derived from maternal
tores, whereas in adult tissue expression of connexin-43
akes place after genomic activation (see Beyer, 1993, for
eferences). In molluscs, ionic coupling between blas-
omeres develops before dye coupling (Dorresteijn et al.,
983) while in insects dye coupling between blastomeres is
ost at defined developmental stages, and cells that share a
ommon fate form common junctional compartments
Warner, 1988; Lo, 1996). In contrast, a role in embryo axis
ormation or induction of polarity has been negated (Dor-
esteijn et al., 1983; Goodal and Johnson, 1984).
lished at the 128-cell stage. Lucifer yellow was injected via a patch
neighboring cells until 15 min after the seventh cleavage divisionestabIn this paper, we show that junctional communication in
ea urchin embryos is established at the 16-cell stage
s of reproduction in any form reserved.
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508 Yazaki, Dale, and Tostibetween micromeres and macromeres. In the following two
cleavage divisions this electrical coupling is restricted to
the micromeres and macromeres and their descendants.
The 500 MW tracer Lucifer yellow did not diffuse between
FIG. 5. Exposure to 1-octanol at the 16-cell to morula stage delays
astrulation in sea urchin embryos T. hardwicki. (a, c, e, g) show
embryos that had been exposed to 1 mM 1-octanol and (b, d, f, h)
show control embryos. Times postfertilization are indicated. Tem-
perature was 18°C.the macromeres and the micromeres, or their descendants,
suggesting that this early junctional communication was
e
t
Copyright © 1999 by Academic Press. All rightia embryonic type-gap junctions, as observed in the ascid-
an embryo (Dale et al., 1991a), and not via cytoplasmic
ridges as suggested by Hagstro¨m and Lo¨nning (1969). The
ppearance of dye coupling at the 128-cell stage presumably
orrelates with the expression of the adult type connexin
ene.
Spiegel and Howard (1983) showed at the transmission
lectron microscope small clusters of irregularly spaced
articles comparable in size to the gap junction in the
-cell-stage sea urchin embryos although the characteristic
exagonal array was not detected. Andreuccetti et al. (1987)
uggested, also using transmission electron microscopy,
hat gap junctions appeared in the sea urchin embryo at the
6-cell stage. In molluscan embryos, gap junctions have
een morphologically identified at the 2-cell stage (Dorres-
eijn et al., 1982) as a small cluster of particles although dye
ransfer was not established until the 32-cell stage (Dorres-
eijn et al., 1983). This discrepancy in the morphological
ppearance of gap junctions with the timing of dye transfer
as been also reported for ascidian embryos (Dale et al.,
991a).
Regionalization of gap-junctional communication to the
egetal pole of the early sea urchin embryo and in particular
etween the macromeres and the micromeres at the 16- to
4-cell stage correlates with the inductive interaction be-
ween these blastomeres and subsequent descendants.
1-Octanol is a lipophilic compound, first investigated
mong the pharmacological agents that inhibit electrical
ommunication; its reversible action blocks junctional con-
uctance in a dose-dependent manner (Johnston et al.,
980). We do not know if gap-junctional communication
lays a role in the induction process; however, exposing
arly embryos to 1-octanol delays gastrulation in a fashion
imilar to that induced by micromere deletion. We cannot
xclude the possibility that 1-octanol has other effects on
evelopment, because the specificity of activity of the
ipophilic agents on gap junctions versus other membrane
hannels is not established (Beyer, 1993). In fact in ascidians
e suggested a possible effect of 1-octanol on the nonjunc-
ional membranes (Dale et al., 1991a).
Davidson (1990) proposed a model for the induction of the
rchenteron by the micromeres in terms of transcriptional
egulatory proteins; however, commitment of endodermal-
pecific genes cannot be established until the mesenchyme
lastula stage and require cell contact by the late blastula
Chen and Wessel, 1996).
In the present study we have demonstrated a clustering of
ntercellular ionic channels at the vegetal pole of the early
ea urchin embryo. In a previous study we showed a
lustering of L-type calcium channels at the animal pole
Dale et al., 1997). Since gap junctions are regulated by
ntracellular calcium (Rose and Rick, 1978), functional
xpression of gap junction at the vegetal pole may be linked
o the absence of L-type calcium channels at this region.
s of reproduction in any form reserved.
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